Myosin VIIA is an unconventional myosin, responsible for human Usher syndrome type 1B, which causes hearing and visual loss. Here, we studied the molecular mechanism of regulation of myosin VIIA, which is currently unknown. Although it was originally thought that myosin VIIA is a dimeric myosin, our electron microscopic (EM) observations revealed that full-length Drosophila myosin VIIA (DM7A) is a monomer. Interestingly, the tail domain markedly inhibits the actin-activated ATPase activity of tailless DM7A at low Ca 2؉ but not high Ca 2؉ . By examining various deletion constructs, we found that deletion of the distal IQ domain, the C-terminal region of the tail, and the N-terminal region of the tail abolishes the tail-induced inhibition of ATPase activity. Singleparticle EM analysis of full-length DM7A at low Ca 2؉ suggests that the tail folds back on to the head, where it contacts both the motor core domain and the neck domain, forming an inhibited conformation. We concluded that unconventional myosin that may be present a monomer in the cell can be regulated by intramolecular interaction of the tail with the head. molecular motor ͉ regulation ͉ unconventional myosin ͉ Usher syndrome type 1B ͉ EM images
M
yosin is a mechanoenzyme that was originally found in muscle to produce force by converting the chemical energy of ATP to a mechanical work. Although myosin was originally thought to be a force producer, recent studies have revealed that it can also function as a cargo transporter (1, 2) . Of the 2 isoforms of myosin VII, most studies have been carried out on myosin VIIA because of its involvement in human auditory disease, Usher syndrome type 1B (3) . In sensory hair cells, myosin VIIA is found in the pericuticular necklace and along the stereocilia and is thought to be involved in vesicle transport (4) . Myosin VIIA is also present in the retina and may play a role in opsin transportation from the inner to the outer segment of photoreceptor cells (5) . Myosin VIIA plays a role in phagocytosis of shed outer segments of photoreceptor cells (6, 7) . It is therefore likely that it functions as a cargo transporter and force producer in distinct cellular components.
Myosin VIIA has a domain structure common to all myosin superfamily members. A conserved motor domain is present in its N-terminal region, which is followed by a neck domain consisting of 5 IQ motifs (isoleucine-glutamine motifs) that serve as light chain binding site (Fig. 1A) . Similar to other myosin family members (8, 9) , calmodulin copurifies with myosin VIIA (10) and is thought to function as the light chain. The tail consists of a proximal short ␣-helical region followed by a globular domain. A part of the ␣-helical region is homologous to the stable single ␣-helix (SAH) domain found in myosin X (11) and probably does not form a coiled-coil structure, but rather serves as an extension module enabling a long step size. The distal short coiled-coil region may serve for dimer formation, although there is no hard evidence that myosin VIIA forms a 2-headed structure. The globular tail domain contains 2 large repeats, each incorporating a MyTH4 (myosin tail homology 4) domain and a FERM (band 4.1-ezrin-radixin-moesin) domain (12) .
Motor activity was first demonstrated in rat myosin VIIA to be a plus-end-directed myosin whose ATPase activity was activated Ͼ10-fold by actin (13) . It was shown recently that Drosophila myosin VIIA is a high-duty ratio motor, in which the head spends most of its cross-bridge cycle time in strong-actin-binding
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0812930106/DCSupplemental. form and is thus suitable for ''processive'' movement (14) . Consistent with this finding, the tail-truncated myosin VIIA can move processively on actin when constructed with a leucine zipper module to force dimerization (15) .
One of the most important aspects of myosin physiological function is how it is regulated. The regulation of unconventional myosin is best understood for myosin Va, where activity of myosin Va is closely correlated with a major conformational transition, which is regulated by Ca 2ϩ binding to the calmodulin light chain (16) (17) (18) . Nothing is known about myosin VIIA regulation. A critical issue is whether the molecule is dimeric, because this may affect both its regulation and processive movement (cf. ref. 19) .
Here, we have studied the regulation mechanism of Drosophila myosin VIIA. We found that the full-length Drosophila myosin VIIA (DM7A) molecule is predominantly a monomer and that the globular tail domain interacts with the head and IQ domains to form a folded compact structure, which correlates with inhibition of the actin-activated ATP hydrolysis cycle.
Results
Expression and Purification of DM7A Constructs. We produced a series of truncated DM7A constructs to study the regulation mechanism ( Fig. 1 A) . The isolated DM7A heavy chain was copurified with calmodulin light chain (Fig. S1 ). The apparent molecular mass of each constructs determined from its mobility in SDS/PAGE was 250, 116, 120, 103, 98, 90, 87, and 120 kDa for DM7AFull, DM7AHMM, DM7AHMMLZ, DM7A IQ5, DM7AIQ5⌬SAH DM7AIQ2, DM7AIQ1 and DM7Atail, respectively. These values agree well with the calculated molecular masses of these constructs.
The Tail Domain Inhibits the ATPase Activity of DM7AHMM. Because myosin VIIA contains a predicted coiled-coil domain in the proximal tail region, it has been thought to form a 2-headed molecule like myosin Va (19) . We examined whether DM7A formed a stable 2-headed structure by chemical cross-linking. Fig. S2 shows SDS/PAGE of the cross-linked products. DM7AHMM containing the entire predicted coiled-coil failed to produce a cross-linked heavy-chain dimer, suggesting that DM7AHMM is predominantly monomeric. However, the DM7AHMMLZ construct, in which a leucine zipper motif was introduced at the C-terminal end, yielded a high molecular mass band corresponding to the heavy-chain dimer of DM7AHMMLZ. The result suggests that the coiled-coil domain of myosin VIIA does not hold the heavy chains together to form a dimer unlike myosin Va. Negative-staining electron microscopy (EM) revealed that DM7AHMM formed mostly singleheaded structures, had a pear-like appearance, and was Ϸ12-15 nm in length (see Fig. 6 A and E). The structure of the dimer with the C-terminal leucine zipper, however, showed 2-pear shaped heads connected to each other (Fig. 1B) , consistent with the SDS/PAGE analysis.
It is known that the tail domain significantly inhibits the actin-activated ATPase activity of myosin Va (19), a stable 2-headed molecule. We therefore examined whether the tail could inhibit the ATPase activity of the 2-headed construct of myosin VIIA (DM7AHMMLZ). The tail domain significantly inhibited the actin-activated ATPase activity of DM7AHMMLZ in EGTA (Fig. 2) . The inhibition of ATPase activity was dose-dependent, and the apparent affinity between DM7AHMMLZ and the tail domain (0.50 M) was obtained. This inhibition was found only in EGTA and not in the presence of 100 M Ca 2ϩ . Next, we examined whether or not dimer formation was critical for inhibition. The ATPase activity of DM7AHMM without the C-terminal leucine zipper was again significantly inhibited by the tail domain in EGTA (Fig. 2) . The apparent affinity between the tail domain and DM7AHMM was 0.67 M, virtually identical to that for DM7AHMMLZ. These results indicate that dimer formation is not critical for the tail-induced inhibition of myosin VIIA.
Consistent with the tail inhibition of DM7AHMM, the actinactivated ATPase activity of the full-length myosin VIIA (DM7AFull), containing its own endogenous tail, showed significantly lower ATPase activity than DM7AHMM in EGTA (Fig. 3A) . However, the ATPase activities of DM7AFull and DM7AHMM in Ca 2ϩ were virtually the same (Fig. 3B) . The above results suggest that there is interaction of the tail domain with the head/neck domain of DM7AFull, which is abolished by Ca 2ϩ . Because calmodulin (CaM) is the light chain of DM7A, associated at the neck, we examined the pCa dependence on the tail-induced inhibition. As shown in Fig. S3A , the ATPase activity was inhibited at pCa6 or higher and abolished below pCa5. It has been shown that high Ca 2ϩ dissociates CaM from myosin Va and myosin I. We therefore examined whether the dissociation of CaM from the DM7A heavy chain was responsible for the Ca 2ϩ -dependent regulation of actin-activated ATPase activity. DM7AHMM was incubated in the presence of 1 mM EGTA-CaCl 2 buffer system, then subjected to a pull-down assay. As shown in Fig. S3B , the bound CaM of DM7AHMM (4.0 Ϯ 0.5 mol/mol heavy chain) did not change, whereas the bound CaM of myosin Va HMM was significantly reduced, consistent with the previous report (20) . These results suggest that the dissociation of the CaM is not responsible for disruption of the tail-induced inhibition. We suggest that the binding of Ca 2ϩ induces a conformational change in the bound CaM, which influences the interaction between the tail and the head/neck of myosin VIIA. It should be noted that one of 5 IQ domains may not be occupied by CaM.
To determine whether myosin VIIA inhibition was likely to be through ionic interaction, we tested the effect of ionic strength on the tail-induced inhibition. The inhibition showed significant dependence on salt concentration, being more profound Ͻ100 mM KCl and absent at 300 mM KCl (Fig. S4 ). These results suggest that the inhibition depends on ionic interaction between the tail domain and the head/neck domain of DM7A. This property is similar to myosin Va, in which inhibition is achieved by interaction between basic residues in the tail and acidic residue in the head (21). 
Determination of the Regions Critical for Tail Inhibition of DM7AHMM
Motor Activity. To determine the sites critical for the interaction of DM7AHMM with the tail, and thus the inhibition of ATPase activity, we produced a series of truncation mutants of DM7A (see Fig. 1 A) . The actin-activated ATPase activities of DM7AIQ1 and DM7AIQ2 were not inhibited by the tail domain in contrast to DM7AHMM (Fig. 4) . To further clarify the elements responsible, we produced DM7A/⌬CC (DM7AIQ5) and DM7A/⌬CC/⌬SAH (DM7AIQ5⌬SAH) constructs, in which the coiled-coil and SAH are eliminated, respectively, and examined the effect of the tail domain on their ATPase activity. As shown in Fig. 4 , both constructs were significantly inhibited by the tail domain with similar potency to DM7AHMM. These results indicated that the distal IQ domains are critical for tail inhibition.
We also attempted to determine the regions in the tail critical for the inhibition. A series of deletion mutants of the tail domain was produced as shown in Fig. 5A . The deletion of MyTH(1 st ) and FERM(1 st ) from the entire tail domain abolished its inhibitory activity (Fig. 5B) . However, deletion of the C-terminal end (DM7Atail⌬C) also abolished the inhibitory activity (Fig. 5C ). These results suggest that both regions of the tail, i.e., the N-terminal domain and the C-terminal end, are required for To clarify the structural basis of the tail inhibition mechanism of DM7A, we used negative-staining EM. As described earlier, DM7AHMM molecules had a pear-like shape with a length of 12-15 nm and width 5-7 nm (Fig. 6 A and E) . In the presence of exogenous tail domains (Ϸ130 kDa), they showed additional densities around the head (visible in averaged image, Fig. 6B; cf. Fig. 6E) , which increased the width to Ϸ10 nm, although they appeared similar in length. This result suggests that the tail domain contributes mainly to the additional density on the head, presumably because of its binding at this location. To confirm this observation, full-length molecules (DM7AFull) were examined. Fig. 6 C and D shows the appearances of DM7AFull in high and low ionic strengths. As shown in Fig. 6 C and D, DM7AFull images show that the full-length myosin VIIA is monomeric. The images were quite different from those of the forced dimer of DM7AHMM, which showed a dumbbell shape caused by the 2 heads. This finding is supported by a cross-linking experiment of DM7AHMM (Fig. S2) , in which DM7AHMM but not the forced dimer of DM7AHMM failed to produce an interheavy chain cross-linking product.
The main difference at the lower ionic strength was a consistent increase in the number of wider molecules (Ϸ10 nm) (white arrows in Fig. 6 D and F) compared with those at high ionic strength (black arrows in Fig. 6C ). Single-particle image processing determined the structural characteristics of these wider full-length molecules, providing suggestive evidence for intramolecular interaction between the tail domain and the head (Fig. 6F) .
Averaged images (showing a molecular width of Ϸ10 nm) suggest that the tail domain folds backward to the head (compare with densities and diagrams of DM7AHMM head in Fig. 6E ), such that it contacts both the motor and neck domains (compare averages in Fig. 6 B and F) . It should be noted that averaged images of DM7AFull showed many views of closely-packed structures (see Fig. S5 ). Among them, averaged images shown in Fig. 6F were selected that best identify structural information of motor/neck domain and the tail domain from the DM7AFull. Taken together with the results that the actin-activated ATPase activities of DM7AHMM is inhibited by the addition of the tail domain (Fig. 2) , this structure supports a model in which inhibition results from folding back of the tail on to the head of this single-headed myosin.
Discussion
Single-Headed Structure of DM7A. The present study revealed that DM7A is a single-headed myosin, based on cross-linking experiment (Fig. S2 ) and EM observation (Fig. 6 ). It has previously been thought that myosin VII is 2-headed because of the presence of a coiled-coil domain on the C-terminal side of the IQ domain (neck domain) (12, 13, (22) (23) (24) . It was suggested previously that rat myosin VIIA is a dimer based on gel filtration and native gel electrophoresis experiments (13). However, because of the potential influence of molecular shape and surface charges in these experiments, the data could also be consistent with a monomer. It is also possible that the structure could differ between species. It was recently reported that myosin X, having a predicted coiled-coil domain is predominantly monomeric, although Ϸ10% of dimer molecules are observed (11) . It was also shown that a part of the predicted coiled-coil of myosin X forms a rigid stable SAH, which may serve as a part of the lever arm (11) . The predicted coiled-coil of myosin VI also does not form stable coiled-coil and may also function as part of a lever arm (25) . The predicted coiled-coil of DM7A is short (33 residues) and the proximal portion of the predicted coiled-coil is homologous to the sequence motif found in SAH (11) . Therefore, the present finding is consistent with the structural analysis of the predicted coiled-coil domain of myosin X and myosin VI and shows that the short coiled-coil domain of myosin VIIA is not sufficient to form a stable dimer, although it might in part support formation of a 2-headed structure in cells in conjunction with the binding of specific targeting molecules (26-30). 
Mechanism of the Tail Domain-Induced Inhibition of the ATPase
Activity. A critical finding is that the tail domain of myosin VIIA functions as an intramolecular inhibitor. We found that the tail domain of DM7A significantly inhibits the actin-activated ATPase activity of the tailless DM7A, DM7AHMM in low Ca 2ϩ (Fig. 2) . Consistently, the actin-activated ATPase activity of the DM7AFull is significantly lower than DM7AHMM in low Ca 2ϩ . These results suggest that the tail domain interacts with the head/neck domain, thus inhibiting the ATPase activity. By examining the various truncated constructs of DM7A, we identified the distal IQ domains critical for the tail-induced inhibition (Fig. 4) . Furthermore, we found by making a series of truncated tail domains that both the N-terminal domain and C-terminal tip of the tail are required for inhibitory activity of the tail. The results suggest that the tail domain has the 2 head/neck bound subdomains and that these bind to the distal IQ domain and the motor domain. EM analysis provided a structural basis for the tail-induced inhibition. We found that the DM7AFull molecules show a compact, apparently folded conformation at low ionic strength (Fig. 6F) , whereas they appear unfolded in high ionic strength (Fig. 6C) . The observed salt-dependent structural change correlates with the tail-dependent inhibition that is abolished at high ionic strength (Fig. S4) . Single-particle analysis of the compact conformation revealed that the tail domain interacts with the head/neck domain. Image analysis suggested that the tail domain can bind to the head/neck domain at 2 sites, one at the motor domain top and the other at the distal IQ domains. This structural analysis agrees with the biochemical functional analysis. Based on these findings, we propose the following model for the regulation of myosin VIIA. In physiological ionic conditions, myosin VIIA in low Ca 2ϩ forms an inhibited conformation, in which the 2 distinct regions of the tail domain bind to the head at the motor core domain and the distal IQ domains, respectively, thus functioning as a ''latch'' to prevent free movement of the myosin head and decreasing the ATP hydrolysis cycle rate.
Previously, we and other groups have found that the 2-headed myosin Va forms an inhibited conformation, in which the globular tail domain folds back to form a triangular conformation (16) (17) (18) . Furthermore, exogenous globular tail domain potently inhibits ATPase activity of myosin Va HMM and induces formation of the triangular inhibited conformation (19) . Because deletion of the C-teminal end of the first long coiledcoil of myosin Va eliminates the inhibition, we proposed a model that the tail binds to the C-terminal end of the first coiled-coil and to the motor domain, thus functioning as a latch preventing the swinging of the neck (19) . The inhibition of DM7A by the tail resembles to the tail-dependent inhibition of myosin Va, in which the tail binds to the head. However, there are several differences. First, myosin Va is a 2-headed myosin and a single-headed construct containing the entire IQ domain with a short coiledcoil domain is not inhibited by the tail (19) . These findings together with the present results suggest that the tail binding elements and the mechanism of tail-induced inhibition of DM7A is different from that of myosin Va. Nevertheless, it is likely that the binding of the tail at the distal IQ domain and the motor core domain inhibits the lever-arm swing motion. We proposed previously that this prevention of lever-arm movement by binding of the tail at the motor domain decreases the Pi off-rate of myosin Va in the inhibited state (8, 21) . The inhibition of acto-DM7AHMM ATPase activity by the tail domain is more pronounced at low actin than at high actin concentration, suggesting that the inhibition is partially reversed by increasing actin concentration. This is different from the tail inhibition of myosin Va, in which high actin concentration does not attenuate the inhibition (8) and suggests that the tail binds at or near the actin binding sites of myosin VIIA, although we cannot exclude the possibility that the reverse inhibition by actin is an allosteric effect.
Vertebrate smooth muscle or nonmuscle myosin II, whose motor activity is regulated by phosphorylation of the regulatory light chain in the neck forms an inhibited conformation, in which the motor domain is bent back toward the tail to form a folded structure (31) . Recent structural analysis has revealed that the 2 heads show an asymmetric arrangement in this conformation, in which the tip of one head (the blocked head) binds to the converter/essential light chain region of the other (free head) (32) (33) (34) (35) . It has been proposed that the interhead interaction is essential for the inhibition of the motor activity, whereas the proposed model for the inhibition of myosin VIIA does not require head-head interaction. However, it is plausible that inhibition of the converter/lever-arm movement is a general mechanism for the inhibition of myosin motors.
Mechanism for Ca 2؉ -Dependent Regulation of DM7A. Our result indicated that the tail-induced inhibition is abolished in the presence of micromolar concentration of Ca 2ϩ (pCa6-pCa5), presumably because of the binding of Ca 2ϩ to CaM, which is associated with the neck domain. It has been shown that CaM light chains can be dissociated from the heavy chain of myosin Va HMM (20, 36) at high Ca 2ϩ (pCa4) and this causes the inhibition of the ATPase activity, although it is rescued by the presence of exogenous CaM (20) . We found that the Ca 2ϩ -dependent reversal of inhibition does not involve the dissociation of bound CaM from DM7A heavy chain. The result suggests that the reversal of inhibition by Ca 2ϩ is caused by a Ca 2ϩ -induced conformational change in bound CaM. Because the distal IQ domain region is one of the binding sites of the tail, it is likely that the Ca 2ϩ -induced conformational change of bound CaM at this distal IQ domain attenuates the tail binding, thus abolishing the inhibition of the ATPase activity. This is quite different from the regulation of myosin Va, in which the tail does not bind to the distal IQ domain (21) .
Cargo Molecules and Regulation. We previously showed that a cargo protein of myosin Va, melanophilin, which binds to the tail domain, activates the actin-activated ATPase activity of myosin Va, presumably by disrupting the inhibited conformation (37) . Several myosin VIIA binding proteins have been reported (26) (27) (28) (29) (30) . These proteins associate with the tail domain of myosin VIIA, and therefore, it is plausible that they compete with the head/neck domain for tail binding, thus releasing the inhibition. It is expected that the motor function of myosin VIIA is required only when it binds to its docking partners. Presumably myosin VIIA is inhibited until it binds to the docking partners, thus saving ATP consumption in cells. Another important issue is whether or not myosin VIIA forms a dimer in cells. It was shown that DM7A-forced dimer can move processively in vitro (15) , and it was suggested that myosin VIIA is involved in melonosome transportation in retinal pigmental epithelia (27) . The present study indicates that DM7A does not form a stable dimer; however, it is plausible that the binding of docking partners in cells may induce the dimer formation, and thus functions as a cargo transporter. It requires further study to clarify the cargo molecule-dependent regulation of myosin VIIA.
Materials and Methods

Materials. See SI Text.
Cloning and Expression of DM7A Protein. DM7A cDNA was obtained from Drosophila total RNA by using reverse transcriptase-coupled PCR. The cDNA fragment encoding DM7AFull was subcloned into modified pFastBacHT baculovirus transfer vector containing a FLAG tag sequence at the 5Ј end. Cterminal-truncated DM7A constructs (DM7AHMM, DM7AHMMLZ, DM7AIQ5, DM7AIQ5⌬SAH, DM7AIQ2, and DM7AIQ1) were produced by introducing a stop codon at various sites of DM7AFull (Fig. 1 A) . DM7AHMMLZ was produced by fusing DM7AHMM with the GCN4 leucine zipper.
The cDNA coding the DM7Atail was constructed by PCR and subcloned into modified pFastBacHT baculovirus transfer vector containing a FLAG tag sequence. C-terminal-truncated DM7Atail constructs [MyTH(1 st )-FERM(1 st )-SH3 and DM7Atail⌬C] were produced by introducing a stop codon at various sites of DM7Atail (Fig. 5A) DM7A constructs were expressed in Sf9 cells, except for GST-fused constructs (38) . The proteins were purified by anti-FLAG resin (19) , except for MyTH(1 st )-FERM(1 st )-SH3 and DM7Atail⌬C that were purified by Ni-NTA-agarose affinity chromatography (16) . GST-fused constructs were expressed in Escherichia coli and purified by Glutathione Sepharose 4B chromatography as described (39) . The purified DM7A samples were dialyzed against 30 mM Hepes⅐KOH (pH 7.5), 300 mM KCl, 2 mM MgCl2, 0.2 mM EGTA, 1 mM DTT, and 10% sucrose. The concentration of DM7A samples were determined as described (16) .
Steady-State ATPase Assay. The steady-state ATPase activity was measured in the buffer containing 20 M actin, 30 mM Hepes⅐KOH (pH 7.5), 50 mM KCl, 2 mM MgCl 2, 1 mM DTT, 15 g/mL calmodulin, and 1 mM EGTA or 0.1 mM CaCl2 in the presence of an ATP regeneration system (20 units/mL pyruvate kinase and 2 mM phosphoenolpyruvate) at 25°C. Five microliters of 1-2 M DM7A was added to the reaction buffer described above to final concentration of 0.05-0.1 M and volume of 100 L. Reaction solution was preincubated at 25°C for 10 min before adding ATP to start the reaction. The ATPase activity was stopped at various times between 5 and 60 min, and the activity was obtained from the slope of the time course of liberated pyruvate. The liberated pyruvate was determined as described (16) .
Negative Staining and Single-Particle Image Processing. For negative staining, purified DM7AHMM, DM7AHMMLZ, or DM7AFull [700 nM stock protein in high salt (300 mM KCl)] was mixed with 21 M CaM (ratio of 1:30 to enhance CaM binding) and then 10-fold diluted with 50 mM Na acetate (300 mM NaCl for high-salt observations), 1 mM EGTA, 2 mM MgCl 2, 10 mM Mops, and 200 M ATP, pH 7.5. After dilution, 5 L of the final mixture was applied to a carbon-coated grid that had been glow-discharged (Harrick Plasma) for 3 min in air, and the grid was immediately (Ϸ5 s) negatively-stained by using 1% uranyl acetate (35) . The same procedure was used for the HMM ϩ Tail specimens made by mixing the above final DM7AHMM mixture (70 nM HMM myosin and 2.1 M CaM) with Ϸ700 nM exogenous tail fragments. Grids were examined in a Philips CM120 electron microscope (FEI) operated at 80 kV. Images were recorded on a 2Kϫ2K F224HD slow scan CCD camera (TVIPS) at a magnification of 65,000 (0.37 nm per pixel). Single-particle image processing was carried out with SPIDER (Health Research Inc.), and averaged images were produced by alignment and classification of windowed particles (80 ϫ 80 pixels) from micrographs: 1,164 particles (DM7AHMM), 668 particles (DM7AHMM ϩ Tail), and 595 particles (DM7AFull). Representative averages showing the clearest view of the structures were selected from 20 -30 total class averages. Note Added in Proof: While this paper was under review, another report was published on the regulation of Drosophila myosin VIIA (Yang et al., 2009 (40) ). The EM images showed that the full-length myosin VIIA is monomeric and has a compact structure similar to Fig. S5 , but not Fig. 6F . It was concluded that the C-terminal end of the tail was tightly bent back against the motor domain, inhibiting ATPase activity, although the images did not directly visualize the binding between the tail and the motor domain.
